Microorganisms often form symbiotic relationships with eukaryotes, and the complexity of these relationships can range from those with one single dominant symbiont to associations with hundreds of symbiont species. Microbial symbionts occupying equivalent niches in different eukaryotic hosts may share functional aspects, and convergent genome evolution has been reported for simple symbiont systems in insects. However, for complex symbiont communities, it is largely unknown how prevalent functional equivalence is and whether equivalent functions are conducted by evolutionarily convergent mechanisms. Sponges represent an evolutionarily divergent group of species with common physiological and ecological traits. They also host complex communities of microbial symbionts and thus are the ideal model to test whether functional equivalence and evolutionary convergence exist in complex symbiont communities across phylogenetically divergent hosts. Here we use a sampling design to determine the phylogenetic and functional profiles of microbial communities associated with six sponge species. We identify common functions in the six microbiomes, demonstrating the existence of functional equivalence. These core functions are consistent with our current understanding of the biological and ecological roles of spongeassociated microorganisms and also provide insight into symbiont functions. Importantly, core functions also are provided in each sponge species by analogous enzymes and biosynthetic pathways. Moreover, the abundance of elements involved in horizontal gene transfer suggests their key roles in the genomic evolution of symbionts. Our data thus demonstrate evolutionary convergence in complex symbiont communities and reveal the details and mechanisms that underpin the process. convergent evolution | metagenomics | nitrogen metabolism | eukaryotic-like proteins M icroorganisms form symbiotic relationships with eukaryotes encompassing all evolutionary stages, from simple amoebae to mammals. Symbiotic systems can range in complexity from those with a single dominant microorganism [e.g., Wolbachia in insects (1) or Vibrio in squids (2) ] to those with hundreds of obligate or facultative microbial symbionts [e.g., communities in termite hindgut (3) or human colon (4) ]. Mechanisms that shape the structure of complex symbiont communities are largely unknown (5); however, recent work on communities of free-living microorganisms indicates that both niche and neutral effects can play a role (6, 7) .
Microorganisms can form different kinds of associations with eukaryotic hosts ranging from a facultative epiphytic life on green algae (8) to obligate intracellular symbiosis in insects (9) . Symbionts can be acquired horizontally by the host, for example from the seawater for green algae (8) or from food in the human gut (10) , and this mode of acquisition will lead to recruitment and selection based on symbiont function. This niche selection can be decoupled from any symbiont taxonomy, thus leading to functionally coherent but phylogenetically divergent communities (11, 12) . Symbionts also can be transmitted vertically through reproductive cells and larvae, as has been demonstrated in sponges (13, 14) , insects (15) , ascidians (16) , bivalves (17) , and various other animals (18) . Vertical transmission generally leads to microbial communities with limited variation in taxonomy and function among host individuals.
Niches with similar selections may exist in phylogenetically divergent hosts that lead comparable lifestyles or have similar physiological properties. Symbionts occupying these equivalent niches therefore might also share functional aspects. This expectation is supported by the recent observation that two phylogenetically distinct bacterial endosymbionts found respectively in sharpshooters or cicadas possess analogous proteins for methionine synthesis (19) . In complex symbiont communities, however, it is largely unknown how prevalent functional equivalence is and whether equivalent functions are conducted by evolutionarily convergent mechanisms.
Sponges (phylum Porifera) are basal metazoa that form a major part of the marine benthic fauna across the world's oceans (20, 21) . Despite their evolutionary divergence, sponges have maintained many common physiological characters and ecological roles, including the filter-feeding of planktonic microorganisms and particulate matter (20) . Sponges also host complex communities of microbial symbionts, and extensive research over the last decade has documented the phylogenetic diversity and biogeography of sponge-associated microorganisms (22, 23) . Symbiont communities in sponges generally are highly specific to host species and are mostly consistent across time and space (22) . This stable association can be explained by the vertical transmission of symbionts through larvae (24) . However, it has been challenging to identify phylotypes that are common to all sponges and hence represent archetypal symbionts (23) . Based on these characteristics, the sponge microbiome represents an ideal model system to test if functional equivalence exists across divergent hosts and to study the mechanisms that shape complex symbiont communities.
Here we use a sampling design to address functional equivalence in complex symbioses by analyzing the phylogenetic and functional composition of symbiont communities in six phylogenetically divergent sponge species. Using a metagenomic approach and comparison with planktonic communities, we identify common functions of sponge symbionts in all six microbiomes. These core functions cover various aspects of metabolism and, importantly, are provided in each sponge species by functionally equivalent symbionts, analogous enzymes, or biosynthetic pathways. Moreover, the abundance of mobile genetic elements suggests that horizontal gene transfer (HGT) has a key role in distributing core functions among symbionts during their coevolutionary association with their host and facilitates functional convergence on the community scale.
Results and Discussion
Overview of Samples and Dataset. Six sponge species were selected to cover a wide selection of sponge morphologies, incorporate taxonomically diverse species, and encompass a broad geographic range (tropical vs. temperate) ( Table 1 , Fig. 1 , and Materials and Methods). Seawater samples were collected as described by Thomas et al. (26) . The microbiomes of 21 samples (comprising six sponges and three water samples, in triplicate) were sequenced via a shotgun strategy, and the resulting reads were assembled, filtered for eukaryotic sequences, and annotated (Materials and Methods and Table S1 ). We obtained 8,373,475 unique, predicted protein-coding sequences with an average of 398,737 sequences per sample.
Sponge Microbial Communities Possess Distinct Phylogenetic and
Taxonomic Profiles. To characterize initially the diversity of the microbial communities associated with the sponge and seawater samples, we reconstructed 16S rRNA gene sequences from the metagenomic datasets (Material and Methods and Table S1 ). Sixty-two operational taxonomic units (OTUs) at a cutoff distance of 0.03 were generated, and analysis of the 35 most abundant OTUs showed distinct microbial-community profiles among the sponges (Fig. 2) . Replicate samples generally were very similar, as is consistent with the previous concept of sponge-specific, stable microbial associations (22) . The similarity between replicates also was confirmed by analyzing the community profiles using singlecopy genes (SCGs) (SI Results and Discussion and Fig. S1 A-C). The microbial communities of the six sponges represented a wide spectrum of community diversity, evenness, and shared phylotypes (Fig. 2) , consistent with other comparative analyses of sponge microbial communities (13, 27) . For example, Scopalina sp. and Tedania anhelans were dominated by two very similar phylotypes (less than 0.03 phylogenetic distance) belonging to the Nitrosomonadaceae (Fig. 2 and Fig. S2A ), and Rhopaloeides odorabile and Cymbastela coralliophila had more even species distributions with limited overlap (Fig. 2 and Fig. S1 D and E). Both sponge-specific and general marine bacteria and thaumarchaeota were detected in different abundances in these sponges (SI Results and Discussion).
The different planktonic fractions (i.e., 0.1-0.8 μm, and 0.8-3 μm) showed distinct community profiles compared with the sponge samples and were dominated by organisms from SAR11, SAR86, the Roseobacter clade, Flavobacteriaceae, and the OCS155 Marine Group. These taxa are found frequently in seawater from around the globe (28) , as is consistent with the previous notion that sponges contain microbial consortia that are distinct from those of the surrounding seawater (22) .
Functional Annotation Reveals Shared Genomic Signatures in Sponge
Symbionts. Consistent with the phylogenetic analysis, functional gene annotation based on comparison with the Clusters of Orthologous Group (COG) (29) , Protein Family A (Pfam-A) (30) , and SEED/Subsystem (31) databases showed that replicate samples were very similar. Microbiomes for each sponge species generally contained distinct gene compositions reflecting specific ecological functions or interactions within their host ( Fig. 3 and Fig. S3 A and B) . Functional profiles of the community in Stylissa sp. 445 were more distantly related to the other samples because the dominant thaumarchaeal symbionts were poorly represented in the reference databases (Table S1 ). Interestingly, functional profiles of the communities in Scopalina sp. and T. anhelans were quite distinct, although both were dominated by closely related phylotypes ( Fig. 2 and Fig. S2A ). Despite the host-specific functional profiles, statistical analysis (Materials and Methods) identified a range of functional features that distinguish the sponge-associated communities from the microbial communities found in seawater ( Fig. 4 and Fig. S3 C and D). None of these differential functions included the 32 protein functions that were found to vary between the planktonic communities of temperate and tropical waters during the largescale analysis of the Global Ocean Survey (28), supporting the notion that the specificity of sponge symbiotic functions is not an artifact of the specific planktonic references analyzed. The discovery of these common functions in sponge microbiomes indicates similar niches in these divergent hosts. The distinct phylogenetic structure of the microbial communities among these sponges further implies that functionally equivalent symbionts with convergent genomic contents may occupy these niches. These core features are likely to be of general importance for the adaptation of microorganisms to the sponge host environment and revealed some of the basic principles underpinning the symbiotic interactions. These characteristics are discussed in the next sections and in SI Results and Discussion.
Nitrogen Metabolism and Adaptation to Anaerobic Conditions. The contributions of planktonic and sediment microbial communities to the marine nitrogen cycle is well appreciated (32), but only recently have studies revealed a high rate of nitrogen metabolism in marine microorganisms associated with invertebrate hosts, especially the reef-building corals and sponges (33) (34) (35) . Nitrogen fixation (36), nitrification (37, 38) , anaerobic respiration of ammonium (anammox) (38) , and denitrification (38, 39) activities have been analyzed separately in various marine sponges by stable isotope probing or 16S rRNA or functional gene analyses. In the present study, nitrogen metabolism-related functions were Further detailed annotation provides an opportunity to investigate aspects of the nitrogen cycle in an integrated way across a range of sponge systems. Compared with the planktonic samples, sponge-associated communities generally contained many more genes related to denitrification (Fig. 5) . Key enzymes in the first two steps, namely the respiratory nitrate reductase (cytoplasmic NarG or periplasmic NapA) and respiratory nitrite reductase (copper-containing NirS or cytochrome cd1-dependent NirK), were present at 0.3-1.2, and 0.3-1.4 copies per genome, respectively. Interestingly, specific reductase groups were preferentially found in certain sponge symbiont communities. For example, the periplasmic NapA was abundant in the symbiont community of Scopalina sp. and T. anhelans, whereas the cytoplasmic NarG was found more frequently in the other four sponges (Fig. 5) . The NarG-rich communities also showed a high number of nitrate/nitrite antiporters (NarK), which import nitrate into the cytoplasm and export nitrite from it ( Fig. 5) (40) . This result showed that different sponge communities use analogous pathways for denitrification, although it is not clear why these preferences for NarG or NapA exist.
Further variations in enzyme composition became apparent for the subsequent two steps of denitrification, where generally lower copy numbers of nitric oxide reductase (quinol-dependent qNor or cytochrome c-dependent cNorB) and nitrous oxide re- ductase (NosZ) were observed, especially in R. odorabile and Cymbastela concentrica. This variation suggests that at least some of the denitrifiers in the sponge microbial communities have incomplete or alternative pathways of nitrate reduction and may accumulate nitric or nitrous oxide (41, 42) . Recent studies showed that the methanotrophic bacterium Candidatus Methylomirabilis oxyfera could convert nitric oxide directly to nitrogen and oxygen (43) , the latter being used subsequently for methane oxidation. Because oxygen can diffuse only ∼1 mm into sponge tissue, many parts of the sponge become anoxic when pumping stops (44, 45) . Dismutation of nitric oxide to produce oxygen might enable the sponge symbionts to maintain aerobic respiration during periods when the host is not actively pumping. However, further analysis would be required to elucidate these theories fully. The organisms putatively involved in denitrification are discussed in SI Results and Discussion.
We also detected genes of both bacterial (PF05145) and archaeal (PF12942) ammonium monooxygenase subunit A (AmoA) (Fig. 5) . Abundance varied from very low in Scopalina sp. and T. anhelans to an average of more than one gene copy per genome for Stylissa sp. 445. Although bacterial AmoA appeared to be used exclusively in some sponges, in others (such as Stylissa sp. 445) both bacterial and archaeal ammonium oxidation could take place. In contrast, a recent gene-specific survey of four deep-sea sponges reported that their microbial communities were strongly dominated by the presence of archaeal AmoA rather than the bacterial counterpart (46) . Thaumarchaeota phylotypes potentially involved in archaeal ammonia oxidation in our sponges and other aspects of the nitrogen cycle are described in SI Results and Discussion.
Our integrated analysis shows that different sponges host distinct microorganisms that use different enzymes to perform equivalent functions in denitrification and ammonium oxidation. Similar findings regarding the nitrogen cycle also were reported very recently for the microbial communities of three Mediterranean sponges (47). However, not every sponge community in our study encodes for the complete nitrogen cycle. Although respiratory nitrate reduction was ubiquitous, reflecting temporary or permanent anoxic conditions within the interior of sponges (48), many subsequent steps in denitrification reflected incomplete pathways. An alternative to dissimilatory nitrite reduction for supporting anaerobic growth may be acetogenesis. Acetyl-CoA synthetase (ADP forming, COG1042) was abundant in all sponge samples (Fig. 4) and represents the major energyconserving reaction through substrate level phosphorylation during peptide, pyruvate, and sugar fermentation to acetate (49) .
Nutrient Utilization and Nutritional Interactions with the Host. Nutritional conditions inside a host are notably different from those in the surrounding seawater, as was reflected clearly in the genomic composition of the sponge symbionts. The abundance of creatininase (creatinine amidohydrolase, EC 3.5.2.10, PF02633) and hydantoinases/oxoprolinase (EC 3.5.2.9, PF01968, PF02538, PF05378), which act on the carbon-nitrogen bonds of cyclic amides, demonstrates the ability of sponge symbionts to degrade and use metabolic intermediates such as creatinine, pyrimidines, or 5-oxoproline. Creatine is a nitrogenous organic acid that uses a high-energy phosphate bond to transfer energy between cells of eukaryotic tissue and is considered a metabolically more stable molecule than ATP (50) . Most invertebrates, including sponges, synthesize or use creatine (51, 52) , which can be converted nonenzymatically and irreversibly to creatinine in vivo (50) . This host-originated creatinine is a valuable source of carbon and nitrogen (53) , and the two enzymes mentioned above might be crucial for their efficient utilization by sponge symbionts.
Degradation of benzoic compounds by sponge symbionts also was evidenced by the abundance of enzymes from the metaldependent hydrolase family (COG2159, PF04909), in particular in C. coralliophila, R. odorabile, and T. anhelans (Fig. 4 and  Fig. S3C ). This family includes 2-amino-3-carboxymuconate-6-semialdehyde decarboxylase (AMCSD), which converts α-amino-β-carboxy-muconate-ɛ-semialdehyde to α-aminomuconate-semialdehyde. AMCSD is involved in the degradation of 2-nitrobenzoic acid, which prokaryotes can use as a sole source of carbon, nitrogen, and energy (54) . The proteins belonging to the glyoxalase/bleomycin resistance protein/dioxygenase superfamily (PF00903) found in C. coralliophila, R. odorabile, and C. concentrica (Fig. S3C) were mostly ring-cleavage extradiol dioxygenases and therefore also are likely to be involved in degradation of aromatic compounds (55) .
Underpinning those metabolic pathways for potentially hostderived compounds was a generally high abundance of transporters, including the ABC-type transporters with oligomer-binding (TOBE) domains (PF08402), which deliver various substrates (56) , and the oligopeptide/dipeptide transporters (PF08352) of the OPN family, which specifically transport oligopeptides, dipeptides, or nickel (Fig. S3C) (57) . Interestingly, transport proteins were among the most highly expressed functions in a recent metaproteomic study of the symbionts in C. concentrica (58) .
In addition to nutrient acquisition and utilization by the symbiont community, we discovered potential benefits for the host sponge. Sponge symbiont communities were enriched in the function of ThiS (PF02597) and NMT1/THI5-like protein (PF09084) associated with the synthesis of the essential vitamin thiamin pyrophosphate (vitamin B 1 ), which animals must obtain from their diet (Fig.  S3C) (59, 60) . Genes for thiamine synthesis also were found in the sponge-associated thaumarchaeon Cenarchaeum symbiosum (61), and vitamin B 12 synthesis was identified previously as an abundant function in the microbial community of C. concentrica (26) and the genome of Poribacteria sp (42) .
In contrast to the planktonic community, sponge symbionts had very few enzymes involved in the breakdown of dimethylsulfoniopropionate (DMSP) (Fig. S3D) . DMSP synthesis is estimated to account for ∼1-10% of global marine primary production (62) . A large fraction of planktonic bacteria, including members of the Roseobacter and SAR11 clades (Fig. 2) , assimilate sulfur from DMSP (62-64). Our metagenomic results suggested that, in contrast to coral-associated bacteria (65), metabolism of DMSP by sponge symbionts is minor, as is consistent with its concentration in marine sponges being generally low and often below the detection limit (66) .
This analysis has highlighted some of the common metabolic features of sponge-associated communities and has provided insight and hypotheses on how cometabolism between the sponge host and microorganisms can underpin symbiosis. It also is apparent that sponge symbionts have evolved specific metabolic profiles that are distinct from those of planktonic microorganisms.
Resistance to Environmental and Host-Specific Stress. The functional comparison also illustrates that sponge symbionts in general have acquired resistance mechanisms that are tailored specifically to the stress experienced within their host environment. Sponge symbionts were enriched in proteins related to stress responses, such as the universal stress protein (USP) (PF00582) and PotD (COG0687) (Fig. 4 and Fig. S3C ). In Escherichia coli, UspA is expressed in response to a wide variety of stressors, including nutrient starvation and exposure to heat, acid, heavy metals, oxidative agents, osmotic stress, antibiotics, and uncouplers of oxidative phosphorylation (67) . PotD is a periplasmic protein involved in the uptake of polyamines, such as putrescine, spermidine, and cadaverine (68) . Intracellular polyamines are linked to the fitness, survival, and pathogenesis of many bacteria living in host environments (69) . Further signal-transduction proteins and regulators with a potential role in stress response are discussed in the SI Results and Discussion.
Sponges or their symbionts are well known for their production of antimicrobial compounds that potentially protect against fouling, predation, and competition (70) . Permanent symbionts need to defend themselves against this chemical stress, and the abundance of predicted permeases YjgP/YjgQ (COG0795) likely contributes to this protection (Fig. 4) . This family contains LptF and LptG, which transport lipopolysaccharides (LPS) from the inner membrane to the cell surface in Gram-negative bacteria (71) . LPS locates in the outer membrane and can serve as a selective permeability barrier against many toxic chemicals, such as detergents and antibiotics (72) .
Filter-feeding sponges also can accumulate a high concentration of heavy metals, including mercury (73) . As a defense against this toxin, sponge symbionts showed a high abundance of mercuric reductase proteins (Subsystem: Mercuric Reductase), which catalyze the reduction of Hg(II) to elemental mercury Hg (0) and act in the detoxification of the immediate environment (74) . Supporting this genomic prediction is the observation that all microbial isolates from an Indian Ocean sponge possessed high levels of resistance against mercury (75) .
Eukaryotic-Like Proteins and Their Potential Interaction with the
Host. A recent metagenomic analysis of the microbial community of C. concentrica found that sponge symbionts were enriched in eukaryotic-like proteins (ELPs) and, in particular, in proteins containing ankyrin repeats (ANKs) and tetratricopeptide repeats (TPRs) (26) . A similar observation was reported subsequently in the sponge-associated Poribacteria genome (42) . These classes of proteins often are found in facultative or obligate symbionts and are postulated to modulate host behavior by interfering with eukaryotic protein-protein interactions that are mediated by these repeat domains. For example, recent work provided evidence that Legionella pneumophila used ANK-containing proteins (ARPs) to interfere with cytoskeletal processes of their amoebal host (76) . Such molecular interference may be critical for sponge symbionts that need to escape phagocytosis by their host (26) . The likely importance of these proteins was highlighted further by the detection of expressed bacterial ARPs in the sponge C. concentrica (58) .
All six sponge metagenomes were rich not only in proteins with ANKs (COG0666, PF00023) and TPRs (COG0790, PF00515, PF07719) but also in proteins with leucine-rich repeats (LRR) (PF00560) and NHL repeats (PF01436) (Figs. 4 and 6 and Fig.  S3C ). LRR proteins are essential for virulence in the pathogen Yersinia pestis (77) and can activate host-cell invasion by the pathogen Listeria monocytogenes (78) . NHL domains occur in Fig. 6 . Abundance of ELPs in seawater versus sponge samples (A-G) and in free-living versus symbiotic species in the Integrated Microbial Genomes database (accessed November 25, 2011) (H). Abundance is normalized by copies per genome of each sample. "Abundance of motifs" refers to the number of repeats; "abundance of proteins" refers to the number of proteins with the repeat; the ratio of abundance of motifs to abundance of repeats gives an estimate of the average number of motifs per protein. Error bars show SDs. Tests between each sponge and the seawater group were performed at 95% confidence interval, and significant differences are marked. *P ≤ 0.05 but > 0.01; **P ≤ 0.01. a variety of proteins and potentially function in protein-protein interactions (79) . Fibronectin domain III proteins (PF00041) and cadherins (PF00028), which likely are involved in adhesion to the host cells, also were abundant (Fig. 6 D and E) . Fibronectin proteins can bind to integrins to mediate cell-cell contact and possible colonization (80) , whereas cadherins can play a role in cellular uptake of bacteria into eukaryotic host cells (81) . Many of the ELPs detected in the dataset also have predicted signal peptides and thus may function extracellularly in sponges (Fig.  S4) . The abundant type IV secretion systems (Fig. S4 ) in sponge symbionts also might play a role in delivering those ELPs into the host cells, as has been shown for L. pneumophila (76) .
Although ELPs as a class generally are more abundant in sponge microorganisms than in the surrounding seawater, unweighted Unifrac clustering based on the pair-wise alignment showed very little sequence similarity between the ELPs of different symbiont communities (Fig. S5) . In addition, the ELPs have very limited sequence similarity to proteins from eukaryotes (including the sponge Amphimedon queenslandica), further indicating that sponge symbionts have divergent and highly specific sets of ELPs.
Together, these data show that sponge symbionts generally contain a large abundance and variety of ELPs that likely mediate interactions with their hosts, implying that each symbiont community may undertake very specific ELP-mediated interactions and communications with their host.
Genomic Evolution Through Horizontal Gene Transfer. Mobile genetic elements (MGEs), such as transposons, plasmids, and prophages, mediate HGT, which facilitates the evolutionary adaptation of microbial populations to specific niches (82) and acts as a key driver in the evolution of the human gut microbiome (83) . Compared with the planktonic bacterial community, the six sponge communities investigated here had a high abundance of systems involved in HGT, including transposase (COG3328, PF02371, PF01609, PF00872, PF05598), conjunctive transfer systems (COG3451, Subsystem: Type 4 secretion and conjugative transfer, Subsystem: Conjugative transfer related cluster), and retroid elements containing reverse transcriptase (COG3344, PF00078) and integrase (PF00665) (Fig. 4 and Fig.  S3 C and D) . Genetic systems for transformation (COG0758) also were abundant in some species. A high likelihood of genetic exchange and rearrangement in the microbial communities of sponges was supported further by an overrepresentation of DNA recombination and repair enzymes (SI Results and Discussion). Besides this general tendency, each species has a specific set of HGT systems. For example, R. odorabile was especially rich in transposases, conjugative elements, retroid elements, and a subpopulation of phages, whereas Stylissa sp. 445 had a lower number of transposases but a remarkable abundance of T4-like phages (Fig. 4, Fig. S3 C and D, and SI Results and Discussion).
To explore further the hypothesis that different communities have different set of MGEs, the samples were clustered according to the abundance of 25 detected transposases or transposonrelated proteins/domains as annotated by the Pfam database (Fig. 7) . Although the clustering revealed very similar transposase profiles among sponge replicates, each sponge community had its own distinct set of transposase systems. There was no evidence for biogeography (i.e., tropical communities were not more similar to each other than to the temperate-water sponges), a finding that could indicate a limited intercommunity (i.e., between different sponge species) dispersal of these MGEs within a region. We therefore propose that transposons might play a very specific role in exchanging genetic material within communities. These mobile elements potentially can allow all community members to share traits that are specific for the adaptation to their common host (e.g., via conjugation or transformation) and consequently facilitate the evolution of functional convergence inside a symbiont community. Alternatively, transposons could be involved in disrupting nonessential genes that no longer are required for a bacterial/archaeal symbiont as it evolves into a stable association with the host (Conclusion).
High rates of HGT can be detrimental to the cell (84), because HGT erodes genomic integrity (85) . Moreover, the high filter- feeding rates of sponges make them particularly vulnerable to phage attack from the plankton (26) . Phage-mediated transduction can lead to lysis and death of the bacterial cell (86) . Therefore, one would expect that effective mechanisms would be required to control excessive genetic exchange and to minimize the introduction of foreign DNA in sponge microbial communities. Indeed, restriction-modification (R-M) systems, clustered, regularly interspaced, short, palindromic repeats (CRISPRs), and CRISPRassociated (CAS) proteins were abundant and diverse across all sponge datasets (Figs. 4 and 8 and Figs. S3 C and D and S6A) .
R-M and toxin-antitoxin (T-A) systems also are often considered selfish elements that are involved in MGE competition and an "arms-race" between the chromosomes and the MGEs (87, 88) . The evolutionary accumulation of these systems in sponge symbionts further supports the postulated high rate of HGT inside symbiont communities of sponges (see above and SI Results and Discussion).
CRISPRs are recently discovered inheritable and adaptive immune systems that provide resistance against the integration of extrachromosomal DNA. Aided by CAS proteins, CRISPRs can acquire short DNA sequences from the invading phage or plasmid and incorporate that sequence into an array of spacer sequences (89) . These spacers can be transcribed and hybridized to invading DNA, which then is degraded by CAS proteins with nuclease function (89) . To understand better the diversity of CRISPRs in sponge-associated communities, the potential CRISPR arrays from the metagenomic datasets were extracted (SI Materials and Methods). In total, 203 CRISPR arrays were detected under stringent filtering criteria from five sponge metagenomes with an average of 0.28-0.74 CRISPR copies per genome (Fig. S6A) . No CRISPR was detected in the samples of Stylissa sp 445; this result likely is related to the presence of abundant cyanophages in this species (SI Results and Discussion and Fig. S7 ). CRISPRs also were virtually absent in seawater samples.
Clustering of repeats and spacers at a cutoff of 50% similarity showed almost no overlap between the different sponge species (Fig. S6 B and C) . Because spacer regions are "historical" records of current and past phage infection (90) , the lack of overlap indicates that microbial communities from the same geographic location, such as the Great Barrier Reef, have experienced attacks by distinct viral populations. This finding is consistent with the distinct bacterial and archaeal communities within each sponge species (Fig. 2) , because many phages have a high degree of host specificity (91) . However, different replicates with very similar species composition contained very few common spacers, reflecting the dynamic nature of phage infection and suggesting that phage defense might involve smallscale temporal or spatial variation (92) . A search of potential targets for spacers gave further evidence for the local adaptation of CRISPRs (Fig. S6D and SI Results and Discussion).
The diverse nature of CRISPRs also was underpinned by a variety of CAS proteins (93, 94) . CAS proteins have been classified, based on the sequenced microbial genome, into a core set, eight subtype-specific groups, and a receptor activity-modifying (RAMP) module-related group (94) . Proteins from the core set and all subtypes were detected in the sponge microbiomes and occurred in different abundances for each sponge species (Fig. 8) . Surprisingly, a low abundance (or absence) of Cas1 and Cas2 proteins was observed in the microbial communities of Scopalina sp. and T. anhelans. Cas1 and Cas2 are considered hallmarks of a functional CRISPR array and were proposed to have an essential function during the spacer-acquisition step (94) . Interestingly, the lack of Cas1 and Cas2 coincided with a high abundance of Csn1 (Fig. 8) . Csn1 is a multidomain protein thought to possess multiple functions that otherwise are performed by individual proteins of other subtypes. In all known genomic arrangements, the gene for Csn1 is located exclusively upstream of the genes for Cas1 and Cas2, which themselves are always upstream of and directly adjacent to the CRISPR array (94, 95) . In the T. anhelans dataset, however, we found one contig where the Csn1 gene is directly upstream of the CRISPR array (Fig. S8B) . This deviation from the canonical Cas1/Cas2-based CRISPR arrangement highlights potential variation in CRISPR structure in sponge-associated microorganisms. It also is worthwhile noting that almost all current Csn1/Nmeni-containing CRISPRs are found in genomes of vertebrate pathogens and commensals (94) , although their functional potential is not clear.12
Conclusion
Our analysis shows that, despite large phylogenetic differences, recognizable core functions exist in symbiont communities from phylogenetically divergent but functionally related sponges. Thus, symbiont communities in divergent hosts can possess a degree of functional equivalence. The specific symbiotic functions identified here are consistent with the current understanding of the biological and ecological roles of sponge-associated microorganisms and have provided insight into symbiont functions (e.g., creatinine metabolism). Detailed metagenomic analysis of the present study thus has advanced the understanding of the interactions between complex symbiont communities and their eukaryotic hosts, thereby contributing to an enhanced appreciation of the sponge holobionts (96) .
Both niche selection and neutral hypothesis have been used to model community structures of free-living and host-associated microorganisms (5, 6, 11) . The initial symbiont acquisition, the potential for vertical symbiont transmission, and the evolution of obligate relationships between sponges and microorganisms (22) most likely have had a major influence on these two types of processes for community assembly. Initially, different types of free-living microorganisms likely entered into associations with sponge hosts. These early associations may have been less selective and more random (i.e., neutral), and hence different sponge species would have acquired different phylogenetic clades of microorganisms. This scenario is consistent with the distinct taxonomic profiles in different sponge species observed here and in other studies (22) . As the symbiotic relationship evolves, and vertical transmission occurs (13, 24) , symbionts maintain or acquire functions that stabilize their interaction with their host. Thus, for different host species with similar functional niches, symbionts will converge functionally. Our detailed analysis of six microbiomes indeed revealed that many of these sponge-specific functions are fulfilled by phylogenetically distinct symbionts as well as by analogous enzymes and biosynthetic pathways (e.g., the CAS proteins or the types of nitrate reductase proteins involved in denitrification). Therefore symbiont communities in divergent hosts have evolved different genomic solutions to perform the same function or to occupy the same niche. However, this evolutionary adaptation to the sponge environment does not necessarily restrict any particular symbiont from interacting with other sponge species. In fact, the acquisition of general features for a sponge-associated lifestyle (such as CRISPRs or ELPs) could allow certain symbionts to be transmitted horizontally to multiple sponge species. Such a scenario is consistent with the observation that some symbiont taxa are found in multiple sponges (22) .
The highly abundant and diverse MGEs detected in sponge symbionts may play key roles in these evolutionary processes in three ways. First, MGEs can mediate HGT and distribute essential core functions, such as stress resistance, ELPs, and phage defense, among community members. This process would facilitate the evolutionary adaptation of specific symbionts to the host environment (97) . As a consequence, individual genomes from different phylogenetic lineages should become more similar to each other, as is consistent with recent genomic observations in mammalian gut bacteria (98) . Second, adaptation to a host environment no longer may require all functions of free-living bacteria, and removal of nonessential genes can be mediated by a dramatic increase in transposon density (99) . Examples of this process might include the loss of photolyase genes in sponge symbionts ( Fig. S9B and SI Results and Discussion). Such a process would be the same as the reduction in genomic functionality observed in facultative and obligate symbiosis of simple systems (100). Third, individual genomes could use MGEs to eliminate functions that already are provided by other genomes and whose benefit might be shared within the community. This process would result in niche specialization of individual phylotypes, for example, through nutritional interdependence (101) . As a consequence of this specialization, different communities would evolve or use different members (and hence different genes) for specific tasks, as is consistent with the functional equivalence concept introduced above. At the genomic level of a population, this process also would result in a high level of heterogeneity, which already has been noted during the assembly of two sponge symbiont genomes (42, 61) . This genomic evolution of sponge symbionts also appears to be an ongoing process, because transposable elements are actively expressed in contemporary microbial communities of C. concentrica (58) .
Future studies involving the reconstruction of genomes from metagenomic data and single-cell sequencing techniques (42) would offer additional evolutionary insights into sponge symbiosis and might reveal further principles of functional equivalence, evolutionary convergence, and specialization during the complex coevolution with an ancient animal host.
Materials and Methods
Details of the materials and methods used in this study are available in SI Materials and Methods. Briefly, sponge and water samples were collected in triplicate on the sites shown in Table 1 . Metagenomic DNA was extracted from size-fractionated microbial samples and was shotgun sequenced with the Roche 454 Titanium pyrosequencing platform. Phylogenetic profiles were generated based on reconstructed 16S rRNA genes and SCGs. Functional profiles based on the comparison against COG (29), Pfam-A (v24.0) (30) , and SEED/Subsystem (31) databases were normalized to the average genome copy. Such metagenomic gene profiles are suitable for describing the ecological and evolutionary adaptation of entire microbial communities (102) . Functions that were enriched in the sponge group, as compared with the planktonic samples, were determined using MetaStats (103), with modifications.
